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1. Introduction 

It is widely accepted that particle physics is 
rooted at the Planck scale where it is intimately 
linked with gravity. A stable bridge between the 
two vastly different scales, the electroweak scale of 
order 100 GeV and the grand unification / Planck 
scale of order 10 16 / 10 19 GeV, is built by su¬ 
persymmetry which is characterized by a typical 
scale of order TeV. If this picture is realized in na¬ 
ture, methods must be developed which allow us 
to reconstruct the fundamental physics scenario 
near the grand unification / Planck scale. Ele¬ 
ments of the picture can be provided by exper¬ 
iments observing proton decay, neutrino physics 
within the seesaw frame, various aspects of cos¬ 
mology and, last not least, high-precision experi¬ 
ments at high energies [T|. 

The reconstruction of a physical scenario more 
than fourteen orders of magnitude above acceler¬ 
ator energies is a demanding task. Nevertheless, 
the extrapolation of the gauge couplings to the 
grand unification scale by renormalization group 
methods is an encouraging example |5J. In super- 
symmetric theories a rich ensemble of soft break¬ 
ing parameters can be investigated. Symmetries 


and the impact of high-scale parameters can be 
studied which will reveal essential elements of the 
fundamental physics scenario 0. 

The proton-collider LHC and the e + e _ linear 
collider ILC, now in the design phase, are a per¬ 
fect tandem for exploring supersymmetry. The 
heavy colored supersymmetric particles, squarks 
and gluinos, can be generated for masses up to 3 
TeV with large rates at LHC. Subsequent cascade 
decays give access to lower mass particles 0. The 
properties of the potentially lighter non-colored 
particles, charginos/neutralinos and sleptons, can 
be studied very precisely at an e + e _ linear col¬ 
lider 0 by exploiting in particular polarization 
phenomena at such a lepton facility .JJ. After the 
properties of the light particles are determined 
precisely, the properties of the heavier particles 
can subsequently be studied in the cascade decays 
with similar precision. Coherent LHC and ILC 
analyses (Tj will thus provide us with a compre¬ 
hensive and high-precision picture of supersym¬ 
metry at the electroweak scale, defining a solid 
platform for the reconstruction of the fundamen¬ 
tal supersymmetric theory near the Planck scale. 

This procedure will be described for three char- 
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acteristic examples in this report - minimal su¬ 
pergravity, a left-right symmetric extension, and 
a string effective theory. 

(a) Minimal supergravity [mSUGRA] || de¬ 
fines a scenario in which these general ideas can 
be quantified most easily due to the rather simple 
structure of the theory. Supersymmetry is broken 
in a hidden sector and the breaking is transmit¬ 
ted to our eigen-world by gravity. This suggests 
the universality of the soft SUSY breaking pa¬ 
rameters - gaugino / scalar masses and trilinear 
couplings - at the high scale which is generally 
identified with the grand unification scale of the 
gauge couplings. 

(b) Left-right symmetric extension: If in LR 
supersymmetric theories non-zero neutrino 
masses are introduced by means of the seesaw 
mechanism m, intermediate scales associated 
with the righ-handed neutrino masses of order 
10 10 to 10 14 GeV affect the evolution of the su¬ 
persymmetry parameters from the electroweak to 
the unification scale CHI. If combined with uni¬ 
versality at the unification scale, the intermediate 
scale modifies the observable scalar mass parame¬ 
ters in the lepton sector of the third generation at 
the electroweak scale. This effect can be exploited 
to estimate the seesaw scale m , thus giving in¬ 
directly experimental access to the fundamental 
high-scale parameter in the neutrino sector. 

(c) String effective theory: In orbifold com- 
pactifications of heterotic string theories, the uni¬ 
versality of the scalar mass parameters is bro¬ 
ken if these masses are generated by interactions 
with moduli fields m, Since the interactions are 
determined by modular weights that are integer 
numbers, the pattern of scalar masses is charac¬ 
teristic for such a scenario 0J. Thus this type of 
string theories can be tested stringently by mea¬ 
suring the modular weights. 


2. Minimal Supergravity 

The mSUGRA reference point SPSla' p3], a 
derivative of the Snowmass point SPSla ns, is 
characterized by the following values of the soft 



Figure 1. Supersymmetric mass spectrum for 
SPSla’ scenario. 


parameters at the grand unfication scale: 

M 1/2 = 250 GeV M 0 = 70 GeV 

A 0 = —300 GeV sign(^t) = + (1) 

tan (3 = 10 

The universal gaugino mass is denoted by Mi/ 2 , 
the scalar mass by Mo and the trilinear cou¬ 
pling by Ao; the sign of the higgsino mass pa¬ 
rameter is chosen positive and tan (3, the ratio of 
the vacuum-expectation values of the two Higgs 
fields, in the medium range. The modulus of the 
higgsino mass parameter is fixed by requiring ra¬ 
diative electroweak symmetry breaking so that 
finally n = +396 GeV. The form of the super- 
symmetric mass spectrum in SPSla' is shown in 
Fig. □ In this scenario the squarks and gluinos 
can be studied very well at the LHC while the 
non-colored gauginos and sleptons can be ana¬ 
lyzed partly at LHC and in comprehensive and 
precise form at an e + e _ linear collider operating 
at a total energy up to 1 TeV with high integrated 
luminosity of 1 ab -1 . 

At LHC the masses can best be obtained 
by analyzing edge effects in the cascade decay 
spectra m- The basic starting point is the 
identification of a sequence of two-body decays: 
qL —» X 2 g —> t-Rtq —► X? Mq- The kinematic edges 
and thresholds predicted in the invariant mass 
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Figure 2. Excitation curve for e _ e _ —> e^ejj near 
threshold, including background, initial-state ra¬ 
diation, beamstrahlung and Couloumb correc¬ 
tion. The cross-section rises steeply in S-wave 
production. Ref. El 


distributions of the two leptons and the jet de¬ 
termine the masses in a model-independent way. 
The four sparticle masses [gT, y!], %R and Xi] 
are used subsequently as input for additional de¬ 
cay chains like g —> bib —> X%pb. and the shorter 
chains qn —> qxy and X 4 which all require 

the knowledge of the sparticle masses downstream 
of the cascades. Residual ambiguities and the 
strong correlations between the heavier masses 
and the LSP mass are resolved by adding the re¬ 
sults from ILC measurements which improve the 
picture significantly. 

At ILC very precise mass values can be ex¬ 
tracted from threshold scans and decay spectra 
El The excitation curves for chargino pro¬ 
duction in S-waves rise steeply with the veloc¬ 
ity of the particles near the thresholds and they 
are thus very sensitive to their mass values; the 
same holds true for mixed-chiral selectron pairs in 
e + e _ —> and for diagonal pairs in e~e~ —> 

, e£e^ collisions, cf. Fig. 0 Other scalar 
sfermions, as well as neutralinos, are produced 
generally in P-waves, with a less steep thresh¬ 
old behavior proportional to the third power of 
the velocity. Additional information, in particu¬ 
lar on the lightest neutralino Xi-, can be obtained 
from the very sharp edges of 2-body decay spec¬ 
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lepton energy E, [GeV] 

Figure 3. Energy sprectum of the muon from the 
decay —> p~Xi, with important backgrounds 
and including initial-state radiation and beam¬ 
strahlung effects. Ref. El 


tra, such a,s l R —> l x? , cf- Fig- El 

The values of typical mass parameters and 
their related measurement errors are presented 
in Tab. 0 “LHC” from LHC analyses and 
”ILC” from ILC analyses. The third column 
“LHC+ILC” presents the corresponding errors if 
the experimental analyses are performed coher¬ 
ently, i.e. the light particle spectrum, studied at 
ILC with high precision, is used as input set for 
the LHC analysis. 

Mixing parameters must be extracted from 
measurements of cross sections and polarization 
asymmetries, in particular from the production 
of chargino pairs and neutralino pairs, both in 
diagonal or mixed form 123: e+e -► xtXj 
[i,j = 1,2] and XiXj [hj = !,■■■ ,4]. The produc¬ 
tion cross sections for charginos are binomials of 
cos 2 <j>L,R, the mixing angles rotating current to 
mass eigenstates. Using polarized electron and 
positron beams, the mixings can be determined 
in a model-independent way. 

The fundamental SUSY parameters can be de¬ 
rived to lowest order in analytic form m- 

\p\ = Mw[ S + A[cos2(/)fl + cos2</>i]] 1 / 2 
Mi = Mw[ S — A(cos2 <j)R + cos2^i)] 1 ^ 2 
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Particle 

Mass 

“LHC” 

“ILC” 

“LHC+ILC” 

h° 

116.9 

0.25 

0.05 

0.05 

H° 

425.0 


1.5 

1.5 

Xi 

97.7 

4.8 

0.05 

0.05 

X° 

183.9 

4.7 

1.2 

0.08 

X°4 

413.9 

5.1 

3-5 

2.5 

xf 

183.7 


0.55 

0.55 

c-r 

125.3 

4.8 

0.05 

0.05 

cl 

189.9 

5.0 

0.18 

0.18 

T1 

107.9 

00 

1 

IO 

0.24 

0.24 

QR 

547.2 

7-12 

- 

5 - 11 

QL 

564.7 

8.7 

- 

4.9 

tl 

366.5 


1.9 

1.9 

bi 

506.3 

7.5 

- 

5.7 

9 

607.1 

8.0 

- 

6.5 


Table 1 

Accuracies for representative mass measurements 
of SUSY particles in individual LHC, ILC and 
coherent “LHC+ILC” analyses for the reference 
point SPSla' [masses in GeV]. qn and qx repre¬ 
sent the flavors q = u,d,c,s. [Errors presently 
extrapolated from SPSla simulations.] 


-11/2 


iMi] = 

E i m|o - Mf - /i 2 - 2Mf 


group equations. 

|M 3 | = m s 


gauge couplings 

tan [3 = 

1 + A(cos 2 (j)R — cos 2 </l) 
_1 — A(cos2 (j)R — cos 2 4>l) _ 

1/2 

gaugino masses 

scalar masses 


production cross sections m for longitudinally 
polarized e + /e _ beams, which are bilinear in 
cos/sin 29 j. The mixing angles and the two phys¬ 
ical sfermion masses are related to the tri-linear 
couplings Af, the higgsino mass parameter /x and 
tan/3(cot/3) for down(up) type sfermions by: 

2 2 
7TI ~ — 777 , ~ 

At — g tan [3(cot (3) =——-— sin20? (4) 

2 TO/ 1 

Af may be determined in the / sector if /x has 
been measured in the chargino sector. This pro¬ 
cedure can be applied in the stop sector. Heavy 
Higgs H , A decays to stau pairs may be used to 
determine the A parameter in the stau sector m 
Refined analysis programs have been developed 
which include one-loop corrections in determining 
the Lagrangian parameters from masses and cross 
sections J23I24J (see also [?]). 

These measurements define the initial values 
for the evolution of the gauge couplings and the 
soft SUSY breaking parameters to the grand 
unification scale. The values at the electroweak 
scale are connected to the fundamental param¬ 
eters at the GUT scale by the renormalization 


= Zi otu 
Mt = Zi M- 


1/2 


( 5 ) 

( 6 ) 


( 2 ) 


M? = Mf + c 3 Ml /2 + c'^AM 2 (7) 


where A = (■ m 2 _± — m1±)/(AMyy) and E = 
X2 Xi 

(to 2 ± + m! ± )/(2M^) — 1. The signs of /x, Mi j3 

X2 Xi 

relative to M 2 follow from similar relations and 
from cross sections for \ production and g pro¬ 
cesses. 

The mass parameters of the sfermions are di¬ 
rectly related to the physical masses if mixing ef¬ 
fects are negligible: 


trilinear couplings : Ak = d k A 0 + d' k Mi/ 2 ( 8 ) 
The index i runs over the gauge groups 
i = 517(3), 517(2), 17(1). To this order, the gauge 
couplings, and the gaugino and scalar mass pa¬ 
rameters of soft-supersymmetry breaking depend 
on the Z transporters 


Z-' = l + b ^lo g 


Mu\ 

M z j 


2 


( 9 ) 


m /j. R — Ml,r + m f + Dl,r (3) 

with Dl = (T 3 — e/ sin 2 9w) cos 2/3 m 2 z and Dr = 
e/ sin 2 Ow cos 2/3 m z denoting the D-terms. The 
non-trivial mixing angles in the sfermion sector 
of the third generation follow from the sfermion 


with b[SU^,SU 2 ,U\\ = —3, 1,33/5; the scalar 
mass parameters depend also on the Yukawa cou¬ 
plings ht , hb, h T of the top quark, bottom quark 
and t lepton. The coefficients Cj for the slep- 
ton and squark doublets/singlets, and for the two 
Higgs doublets, are linear combinations of the 
evolution coefficients Z: the coefficients ctp are of 
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order unity. The shifts A Ml, depending implic¬ 
itly on all the other parameters, are nearly zero 
for the first two families of sfermions but they 
can be rather large for the third family and for 
the Higgs mass parameters. The coefficients c4 of 
the trilinear couplings Ak [k = t, 6, r] depend on 
the corresponding Yukawa couplings and they are 
approximately unity for the first two generations 
while being O(10 -1 ) and smaller if the Yukawa 
couplings are large; the coefficients d' k , depend¬ 
ing on gauge and Yukawa couplings, are of or¬ 
der unity. Beyond the approximate solutions, the 
evolution equations have been solved numerically 
in the present analysis to two-loop order m and 
the threshold effects have been incorporated at 
the low scale in one-loop order m- Solutions of 
the renormalization group equations have been 
obtained meanwhile up to three-loop order EH!, 
matching the new two-loop order results of the 
threshold corrections m- The 2-loop effects as 
given in Ref. m have been included for the neu¬ 
tral Higgs bosons and the p parameter. 

2.1. Gauge Coupling Unification 

Measurements of the gauge couplings at the 
electroweak scale support very strongly the uni¬ 
fication of the couplings at a scale Mjj ~ 2 x 
10 16 GeV 0 The precision, at the per-cent level, 
is surprisingly high after extrapolations over four¬ 
teen orders of magnitude in the energy from the 
electroweak scale to the grand unification scale 
Mir. Conversely, the electroweak mixing angle 
has been predicted in this approach at the per- 
mille level. The evolution of the gauge couplings 
from low energies to the GUT scale Mu has 
been carried out at two-loop accuracy in the DR 
scheme. The gauge couplings do not meet ex¬ 
actly, cf. Fig. 0 and Tab. Q The differences are 
to be attributed to high-threshold effects at the 
unification scale Mu and the quantitative evolu¬ 
tion implies important constraints on the particle 
content at Mu EH 

2.2. Gaugino and Scalar Mass Parameters 

The results for the evolution of the mass pa¬ 
rameters from the electroweak scale to the GUT 
scale Mu are shown in Fig. [5] On the left of 
Fig. El the evolution is presented for the gaug- 
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ino parameters M~ l . It clearly is under excellent 
control for the model-independent reconstruction 
of the parameters and the test of universality in 
the SU{ 3) x SU( 2) x U( 1) group space. In the 
same way the evolution of the scalar mass param¬ 
eters can be studied, presented in Fig. 0(b) for 
the first/second generation. While the slepton 
parameters can be determined very accurately, 
the accuracy deteriorates for the squark parame¬ 
ters and the Higgs parameter Mj^ 2 . 

3. Left-right symmetric extension 

The complex structure observed in the neutrino 
sector has interesting consequences for the prop¬ 
erties of the sneutrinos, the scalar supersymmet¬ 
ric partners of the neutrinos. These novel ele¬ 
ments require the extension of the minimal su¬ 
persymmetric Standard Model MSSM, e.g., by 
a superfield including the right-handed neutrino 
field and its scalar partner (3J[. If the small neu¬ 
trino masses are generated by the seesaw mecha¬ 
nism EDI, a similar type of spectrum is induced 
in the scalar sector, splitting into light TeV-scale 
and very heavy masses. The intermediate seesaw 
scales will affect the evolution of the soft mass 
terms which break the supersymmetry at the high 
(GUT) scale, particularly in the third generation 
with large Yukawa couplings I3IT21 . This will pro¬ 
vide the opportunity to measure, indirectly, the 
intermediate seesaw scale of the third generation. 

If sneutrinos are lighter than charginos and the 
second lightest neutralino, as encoded in SPSla', 
they decay only to final states Vi —> Vi Xi that are 
invisible and pair-production is useless for study¬ 
ing these particles. However, in this configuration 
sneutrino masses can be measured in chargino de¬ 
cays to sneutrinos and leptons H2: 


with the charginos pair-produced in e + e _ annihi¬ 
lation. These two-particle decays develop sharp 
edges at the endpoints of the lepton energy spec¬ 
tra. Sneutrinos of all three generations can be 
explored this way. The errors for the first and 
second generation sneutrinos are expected at the 
level of 400 MeV, doubling for the more involved 
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10 15 10 16 
Q [GeV] 


Figure 4. (a) Running of the inverse gauge couplings, (b) Close-up of the unification region. The thin 
lines represent uncertainties based on present data, the solid areas demonstrate the improvement expected 
by future GigaZ analyses. 



Present/” LHC” 

GigaZ/” LHC±LC” 

Mu 

a u 1 

(2.36 ± 0.06) • 10 16 GeV 
24.19 ±0.10 

(2.360 ± 0.016) • 10 16 GeV 
24.19 ±0.05 

a 3 — a U 

0.97 ±0.45 

0.95 ±0.12 


Table 2 

Precision of extraction of the unified gauge coupling ap, derived from the meeting point of aq with 0 : 2 , 
and the strong coupling a 3 at the GUT scale Mu- The columns demonstrate the results for the expected 
precision from LEP and LHC data, as well as the improvement due to a GigaZ linear collider analysis. 


analysis of the third generation. 

The measurement of the seesaw scale will be 
illustrated in an SO(IO) model in which the mat¬ 
ter superfields of the three generations belong to 
16-dimensional representations of SO(10) and the 
standard Higgs superfields to 10-dimensional rep¬ 
resentations while a Higgs superfield in the 126- 
dimensional representation generates Majorana 
masses for the right-handed neutrinos. As a re¬ 
sult, the Yukawa couplings in the neutrino sector 
are proportional to the up-type quark mass ma¬ 
trix, for which the standard texture is assumed. 
The SO(IO) symmetry is broken to the Stan¬ 
dard Model SU(3)xSU(2)xU(l) symmetry at the 
grand unification scale Mu directly. For simplic¬ 
ity the soft masses in the Higgs sector will be 


identified with the matter sector. 

Assuming that the Yukawa couplings are the 
same for up-type quarks and neutrinos at the 
GUT scale and that the Majorana mass matrix 
of the right-handed neutrinos has a similar struc¬ 
ture, one obtains a (weakly) hierarchical neutrino 
mass spectrum and nearly bi-maximal mixing for 
the left-handed neutrinos E2- In this class of 
models the masses of the right-handed neutri¬ 
nos are also hierarchical, very roughly oc ra 2 p , 
and the mass of the heaviest neutrino is given 
by Mr 3 ~ For m„ 3 ~ 5 x 10~ 2 eV, 

the heavy neutrino mass of the third generation 
amounts to ~ 6 x 10 14 GeV, i.e. a value close to 
the grand unification scale Mu- 

Since the z/r of the third generation is unfrozen 
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( a ) 



Q [GeV] 


M? [10 3 GeV 2 ] 



Figure 5. Evolution, from low to high scales, of (a) gaugino mass parameters and (b) first-generation 
sfermion mass parameters and the Higgs mass parameter Mjj 2 . 


M? [10 3 GeV 2 ] 



Figure 6. Evolution of third generation slep- 
ton mass parameters and Higgs mass parameters 
M‘f h in LR-SUGRA. 


only beyond Q = M VR the impact of the LR ex¬ 
tension becomes visible in the evolution of the 
scalar mass parameters only at very high scales. 
In Fig. IB1 the evolution of M% , M? and Mf, 
is displayed for illustrative purposes. The full 
lines include the effects of the right-handed neu¬ 
trino, which should be compared with the dashed 
lines where the vr effects are removed. The scalar 
mass parameter Mj, appears unaffected by the 
right-handed sector, while Mj and M\ 2 clearly 
are. Only the picture including Ur, vr is compati¬ 
ble with the unification assumption. The kinks in 
the evolution of M~ and M% can be traced back 
to the fact that around 10 14 GeV the third gener¬ 
ation (s)neutrinos become quantum mechanically 
effective, given a large enough neutrino Yukawa 
coupling to influence the evolution of these mass 
parameters. 

To leading order, the solutions of the renor¬ 
malization group equations for the masses of the 
scalar selectrons and the e-sneutrino can be ex¬ 
pressed by the high scale parameters m\e and 
Mi/ 2 , and the D-terms. Analogous representa¬ 
tions can be derived, to leading order, for the 
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scalar masses of the third generation, comple¬ 
mented however by additional contributions A r 
and &„ r from the standard tau Yukawa term and 
the Yukawa term in the tau neutrino sector, re¬ 
spectively: 


with a unique estimate of the high-scale vr mass 
parameter Mr 3 . 

4. String Effective Theories 


n4 R = ml R - 2 A T + ml ( 11 ) 

™% L = m\ L - A T - A Ut + ml, (12) 

m v T L ~ m 0 e L _ A T ~ (13) 

The contribution A„ t = A„ t [Mr] carries the in¬ 
formation on the value of the heavy right-handed 
neutrino mass. 


The effect of the right-handed neutrinos can be 
identified by evaluating the sum rule for the A„ t 
parameter: 


2A„ r [Mr 3 ] 


(3m? cL - m| L - m?J 
( 3m t T L - 171 ?i ~ W 'V ~ 2 m r- 


(14) 


This relation holds exactly at tree-level and gets 
modified slightly only by small corrections at the 
one-loop level. The particular form of eq. m 
implies that the effects of the r Yukawa cou¬ 
pling cancel. It follows from the renormaliza¬ 
tion group equations that A„ x [Mr 3 ] is of the or¬ 
der Y 2 logMQ UT /M^ 3 . Since the Yukawa cou¬ 
pling Y v can be estimated in the seesaw mech¬ 
anism by the mass m V3 of the third light neu¬ 
trino, Y 2 = sin/3) 2 , the parameter 

A„ t [Mr 3 ] depends approximately linearly on the 
mass Mr 3 : 


A ,AMr 3 \ 


m 1/3 M R3 


167t 2 (u sin / 3 ) 2 
x (3 to? 6 + A 2 0 ) log 


(15) 


so that it can be determined very well. Inserting 
the value for m±e, pre-determined in the charged 
slepton sector, and the trilinear coupling To from 
stop mixing EH, M R3 , cf. Fig. □ can finally 
be calculated. Assuming hierarchical neutrino 
masses, one obtains 


M R3 =3.7 ... 6.9 x 10 14 GeV, (16) 


to be compared with the initial value Mr 3 = 
6 x 10 14 GeV. This analysis thus provides us 


In the supergravity models analyzed above 
the supersymmetry breaking mechanism in the 
hidden sector is shielded from the eigen-world. 
Four-dimensional strings however give rise to a 
minimal set of fields for inducing supersymme¬ 
try breaking, the dilaton S and the moduli T 
superfields which are generically present in large 
classes of 4-dimensional heterotic string theories 
m■ The vacuum expectation values of S and T, 
generated by genuinely non-perturbative effects, 
determine the soft supersymmetry breaking pa¬ 
rameters. 

The properties of the supersymmetric theories 
are quite different for dilaton and moduli domi¬ 
nated scenarios. This can be quantified by intro¬ 
ducing a mixing angle 9 , characterizing the S and 
T wave functions of the Goldstino, which is asso¬ 
ciated with the breaking of supersymmetry and 
which is absorbed to generate the mass of the 
gravitino: G = sinks' + cos6 T. The mass scale 
is set by the second parameter of the theory, the 
gravitino mass m 3 / 2 . 

A dilaton dominated scenario, i.e. sin# —> 1, 
leads to universal boundary conditions of the soft 
supersymmetry breaking parameters. Universal¬ 
ity is broken only slightly by small loop effects. 
On the other hand, in moduli dominated sce¬ 
narios, cos 9 —> 1, the gaugino mass parameters 
are universal to lowest order, but universality is 
not realized for the scalar mass parameters. The 
breaking is characterized by modular weights rij 
which quantify the couplings between the mat¬ 
ter and the moduli fields in orbifold compactifi- 
cations. Within one generation significant differ¬ 
ences between left and right field components and 
between sleptons and squarks can occur. 

In leading order the masses m are given by 
the following expressions for the gaugino sector, 

Mi = -g 2 m 3 / 2 sVS sin 9 + ... (17) 

and for the scalar sector, 

M? = m 3 / 2 (l + rij cos 2 9) + ... (18) 
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M R3 [GeV] 

Figure 7. Shift A„ t in the evolution of the tau-neutrino mass as calculated from the renormalization 
group equations, eq. (1151) (blue band) and compared with low-energy mass measurements, eq. 1141 (green 
band). The widths of the bands indicate estimated one-standard-deviations errors of the experimental 
input parameters. The red crossing region is the statistical combination which determines the neutrino 
seesaw scale Mr 3 of the third generation. 


A mixed dilaton/moduli superstring scenario has 
been analyzed in detail with dominating dila- 
ton component, sin 2 6 = 0.9, and with different 
couplings of the moduli field to the (L,R) slep- 
tons, the (L,R) squarks and to the Higgs fields, 
corresponding to O I representation n,L i = —3, 
n Ei = -1, n Hl = n H2 = -1, riQ, = 0, n Di = 1 
and njji = —2, an assignment that is adopted 
quite frequently in the literature. The gravitino 
mass is chosen to be 180 GeV in this analysis. 

Given this set of superstring induced param¬ 
eters, the evolution of the gaugino and scalar 
mass parameters can be exploited to determine 
the modular weights n. The result is shown in 
Fig. |H1 which demonstrates quite nicely how strin¬ 
gently this theory can be tested by analyzing the 
integer character of the entire set of weights. 

Thus, high-precision measurements at high en¬ 
ergy proton and e + e _ linear colliders provide ac¬ 
cess to crucial derivative parameters in string the¬ 
ories. 

5. Conclusions 

In supersymmetric theories stable extrapola¬ 
tions can be performed, by renormalization group 
techniques, from the electroweak scale to the 


grand unification scale close to the Planck scale. 
Such extrapolations are made possible by high- 
precision measurements of the low-energy param¬ 
eters. In the near future an enormous corpus 
of information is expected to become available if 
measurements at LHC and prospective e + e _ lin¬ 
ear colliders are combined to draw a comprehen¬ 
sive and high-precision picture of supersymmetric 
particles and their interactions. 

Supersymmetric theories and their breaking 
mechanisms have simple structures at high scales. 
Extrapolations to these scales are therefore cru¬ 
cial to reveal the fundamental supersymmetric 
theory, including its symmetries and its param¬ 
eters. The extrapolations can thus be used to ex¬ 
plore physics phenomena at a scale where, even¬ 
tually, particle physics is linked to gravity. 

We have reviewed three interesting scenarios 
in this context. The universality of gaugino and 
scalar mass parameters in minimal supergravity 
can be demonstrated very clearly. Intermediate 
scales, like seesaw scales in left-right symmetric 
theories, affect the evolution of the scalar mass 
parameters. Their effect on the mass parameters 
of the third generation can be exploited to deter¬ 
mine the seesaw scale. Finally it has been shown 
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Figure 8. Extraction of parameters of superstring inspired supersymmetry breaking scenario from gaugino 
and scalar evolution. 


that integer modular weights can be measured ac¬ 
curately in string effective theories, scrutinizing 
such approaches quite stringently. 

Many more refinements of the theoretical cal¬ 
culations and future experimental analyses will 
be necessary to expand the pictures we have de¬ 
scribed in this review. Prospects of exploring el¬ 
ements of the ultimate unification of the interac¬ 
tions provide a strong impetus to this endeavor. 
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